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Recently, the LHCb Collaboration reported pronounced structures in the invariant mass spectrum
of J/ψ-pairs produced in proton-proton collisions at the Large Hadron Collider. In this Letter, we
argue that the data can be very well described within two variants of a unitary coupled-channel
approach: (i) with just two channels, J/ψJ/ψ and ψ(2S)J/ψ, as long as energy-dependent interac-
tions in these channels are allowed, or (ii) with three channels J/ψJ/ψ, ψ(2S)J/ψ and ψ(3770)J/ψ
with just constant contact interactions. Both formulations hint at the existence of a near-threshold
state in the J/ψJ/ψ system with the quantum numbers JPC = 0++ or 2++, which we refer to
as X(6200). We suggest experimental tests to check the existence of this state and discuss what
additional channels need to be studied experimentally to allow for distinctive tests between the
two mechanisms proposed. If the molecular nature of the X(6200), as hinted by the three-channel
approach, were confirmed, many other double-quarkonium states should exist driven by the same
binding mechanisms.
INTRODUCTION
Quantum chromodynamics (QCD) as the fundamental
theory for the strong interaction is highly nonperturba-
tive at low energies. As a result, how the hadrons emerge
from QCD and how the hadron spectrum is organized
are still challenging open questions. The quest of exotic
hadrons beyond the conventional quark model classifica-
tion of quark-antiquark mesons and three-quark baryons
has been one of the central issues in the study of non-
perturbative QCD. In the past decades, dozens of new
resonant structures with exotic properties were reported
by various experiments in particular in the spectrum of
hadrons containing at least one heavy-flavor (charm or
bottom) quark. However, these observations brought
even more challenges as they seem not to fit into a single
uniform classification scheme, and various interpretations
were proposed for each of them, see Refs. [1–9] for recent
reviews of such exotic states.
Recently, the LHCb Collaboration reported resonant
structures in the double-J/ψ invariant mass distribution
using data for pp collisions at the c.m. energies 7, 8
and 13 TeV [10]. The form of the signal reported by
LHCb in the invariant mass region from 6.2 (J/ψJ/ψ
threshold) to approximately 7.2 GeV is quite nontrivial,
departing significantly from the expected trivial phase
space as well as the single and double-parton scattering.
In particular, an enhancement in the near-double-J/ψ
threshold region from 6.2 to 6.8 GeV is seen, which is
followed by a narrow peak around 6.9 GeV. Between the
broad bump and the narrow peak, there is a dip around
6.8 GeV. The narrow peak is now dubbed X(6900), and
has spurred a flood of model explanations [11–27]. Natu-
rally, a fully-charm compact tetraquark resonance is the
most straightforward candidate. However, most of the
theoretical studies indicate that the ccc¯c¯ ground state
should have a mass lower than 6.9 GeV [28–35]. Further-
more, the 700 MeV energy gap between the double-J/ψ
threshold and 6.9 GeV is larger than a typical energy
gap between the ground and radially/orbitally excited
states. Thus a natural expectation would be that lower
states should exist, if there is a ccc¯c¯ resonance with a
mass around 6.9 GeV. Due to a smaller phase space, such
lighter states are expected to have smaller widths. How-
ever, there are no obvious narrower peaks in the reported
double-J/ψ spectrum.
It is well-known that threshold effects play an impor-
tant, sometimes crucial, role for the properties of hadrons
residing above the open-flavor threshold. For example,
there is always a cusp at an S-wave threshold due to the
analytic structure of the two-body Green’s function (for
a recent review of the threshold effects related to the ex-
otic hadrons, we refer to [8]). It may lead to either a peak
or a dip, depending on the interference with other contri-
butions. The visibility of the corresponding structure in
the line shape depends on whether or not it is enhanced
by a nearby pole in the amplitude [36]. Thus, in order to
properly interpret the new observations it is important
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2to understand the role played by various thresholds lo-
cated nearby. There are quite a few double-charmonium
channels with thresholds below 7.2 GeV that can couple
to the double-J/ψ system, such as ηcηc, hchc, χcJχcJ′
(J, J ′ = 0, 1, 2), ψ(2S)J/ψ and ψ(3770)J/ψ. Among
these channels, the coupling of the double-J/ψ to the
ηcηc or hchc flips the charm-quark spin, and is expected
to be suppressed due to the heavy quark spin symmetry
(HQSS). From the point of view of the meson-exchange
picture, the lowest meson that can be exchanged, while
keeping the SU(3) flavor and isospin symmetries, for
the coupling of the χcJχcJ′ to the double-J/ψ is the
ω. It is heavier than the f0(500) (or effectively two pi-
ons) that can be exchanged for J/ψJ/ψ → ψ(2S)J/ψ or
ψ(3770)J/ψ to happen. In this regard, it is interesting
to notice that indeed the dip prior to the X(6900) peak
appears around the ψ(2S)J/ψ threshold at 6783 MeV.
Therefore, from this phenomenological point of view,
among the double-charmonium channels, the ψ(2S)J/ψ
and ψ(3770)J/ψ ones are expected to play the most cru-
cial role in describing the double-J/ψ spectrum up to an
energy covering the X(6900) peak.
In this Letter, we aim at constructing minimal coupled-
channel models able to describe the LHCb data on the
double-J/ψ invariant mass distribution in the energy in-
terval from double-J/ψ threshold to 7.2 GeV and study-
ing their predictions for pole locations and line shapes
in the other double-charmonium channels. In particular,
we consider a two-channel (J/ψJ/ψ and ψ(2S)J/ψ) and
a three-channel (J/ψJ/ψ, ψ(2S)J/ψ, and ψ(3770)J/ψ)
model and find that (i) both models provide a remark-
ably good description of the data which, therefore, do not
allow one to distinguish between them, (ii) both models
predict the existence of a near-threshold pole around 6.2
GeV (we call it the X(6200)) corresponding to a shal-
low bound or virtual J/ψJ/ψ state, (iii) the structure
of the other, above-threshold poles appears to be very
different for the two models considered and so are the
predicted line shapes in the ψ(2S)J/ψ channel. We con-
clude, therefore, that the existence of the X(6200) is
a robust consequence of the proposed coupled-channel
approach, while additional measurements of the other
double-charmonium channels are necessary in order to
better understand the nature of the higher poles.
THE COUPLED-CHANNEL MODEL
Contrary to earlier attempts to understand the role
played by the relevant double-charmonium thresholds for
the double-J/ψ spectrum [23], the key idea of our ap-
proach is to present a minimal model consistent with
the data and able to extract the positions of the poles
responsible for the structures in the line shape from
the data. We, therefore, confine ourselves to those
double-charmonium channels which are consistent with
the HQSS, and constrain the amplitude with unitarity
and causality. Thus, we focus on two variants of the
coupled-channel model, a two-channel model employing
{J/ψJ/ψ, ψ(2S)J/ψ} and a three-channel model using
{J/ψJ/ψ, ψ(2S)J/ψ, ψ(3770)J/ψ}.
As detailed below we work with a separable potential
V . Then the T -matrix of the coupled-channel system can
be written as
T (E) = V (E) · [1−G(E)V (E)]−1, (1)
where E is the double-J/ψ center-of-mass energy and
G is a diagonal matrix for the intermediate two-body
propagators. We use the dimensionally regularized two-
point scalar loop function [37],
Gi(E) =
1
16pi2
{
a(µ) + log
m2i1
µ2
+
m2i2 −m2i1 + s
2s
log
m2i2
m2i1
+
ki
E
log
(2kiE + s)
2 −m2i1 +m2i2
(2kiE − s)2 −m2i1 +m2i2
}
, (2)
where s = E2, mi1 and mi2 are the particle masses in the
i-th channel, ki = λ
1/2(E2,m2i1,m
2
i2)/(2E) is the corre-
sponding three-momentum with λ(x, y, z) = x2 + y2 +
z2 − 2xy − 2yz − 2xz for the Ka¨lle´n triangle function.
Here µ denotes the dimensional regularization scale, and
a(µ) is a subtraction constant. The T -matrix provided
in Eq. (1) is unitary by construction.
For the two-channel model the 2 × 2 matrix of the
potential V is parameterized as
V2ch(E) =
(
a1 + b1k
2
1 c
c a2 + b2k
2
2
)
, (3)
where a1,2, b1,2, and c are real free parameters. The en-
ergy dependence of the potential is necessary here to be
able to produce nontrivial structures above the higher
threshold, since purely constant contact-term potential
can only produce bound or virtual state poles below
threshold.
For the three-channel model the potential V is a 3× 3
matrix,
V3ch(E) =
a11 a12 a13a12 a22 a23
a13 a23 a33
 , (4)
where aij ’s are real parameters of the model, and no ex-
plicit dependence of the potential on the energy is neces-
sary given that the uppermost threshold in this variant of
the model lies above the structures in the mass spectrum.
The production amplitude in the J/ψJ/ψ channel (la-
belled as channel 1) can be constructed as
M1 = P (E)
[
1 +
∑
i
riGi(E)Ti1(E)
]
, (5)
3where Tij are the elements of the T -matrix in Eq. (1),
the unity inside the square brackets describes the con-
tribution of the coherent background and the ratios ri
mimic slightly different production mechanisms for differ-
ent channels. To describe the details of the short-distance
production encoded in the function P (E) above we take
it in an exponential form,
P (E) = αe−βE
2
, (6)
and fix the slope parameter β = 0.0123 GeV−2 from
fitting to the double-parton scattering (DPS) distribution
quoted in the LHCb paper [10]. The energy dependence
of the production operator accounts for the fact that the
double-J/ψ and ψ(2S)J/ψ two-particle systems can be
produced at the parton level and interact before the final
double-J/ψ particles are detected. The overall strength
parameter α is treated as yet another free parameter of
the model.
Finally, the experimental double-J/ψ distribution is
fitted with the function ρ(E)|M1|2, where ρ(E) =
k1/(8piE) is the double-J/ψ phase space factor.
FIT RESULTS
Before we come to fitting the data let us get rid of the
parameters which weakly affect the distribution or can
be recast into other constants. In particular, we set µ =
1 GeV and the subtraction constant in the loop function
is fixed as a(µ = 1 GeV) = −3; its variance can be
absorbed into the redefinition of the contact interactions
in the potential. Also, we choose all r-parameters in the
amplitude (5) equal for the fit did not call for different
values.
Two-channel model: The two-channel parameteri-
zation has 7 parameters. These are {a1, a2, b1, b2, c, r, α}.
The fit was performed with randomly chosen 2×104 sets
of initial values of the parameters, and constrained by
causality which requires that there should be no pole on
the first Riemann sheet of the complex energy except
on the real axis below threshold (see, e.g., Ref. [38]).
More than 20 fits were found with χ2/dof < 1.25. How-
ever, only one fit survives after removing those having
narrow spikes in the spectrum (with a width smaller
than 28 MeV, the size of the energy bin in the data).
The best fit describes the data remarkably well with
χ2/dof = 0.99, see Fig. 1. Interestingly, although the
fit was only performed up to 7.2 GeV, a good description
of the data is achieved in the entire energy interval up to
9 GeV. In this model, the dip in the line shape is pro-
duced due to a destructive interference of the ψ(2S)J/ψ
threshold cusp which emerges from a coupled-channel dy-
namics with the background. The above-threshold nar-
row hump is due to the energy dependence of the two-
channel potential (3) which leads to a nearby resonance
pole. A detailed analysis of the poles is given later.
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FIG. 1. Two-channel fit to the LHCb data of the double-J/ψ
invariant mass distribution [10]. The solid line is the best fit
with χ2/dof = 0.99, and the band is the 1σ error area. The
dotted line denotes P (E) in Eq. (6) which describes perfectly
the DPS distribution taken from the LHCb analysis [10] to
fix parameter β in Eq. (6). The ψ(2S)J/ψ threshold is shown
as the vertical dash-dotted line.
Three-channel model: The three-channel model has
8 real parameters, {aij (i > j), r, α}. Two fits of similar
quality can be found which have χ2/dof = 0.97 (Fit 1)
and χ2/dof = 1.05 (Fit 2). All parameters of these fits
coincide within their 1σ uncertainty except a22. A com-
parison of both fits with the data is given in Fig. 2. Like
in the two-channel model, the description of the data is
remarkably good, including the (not fitted) large-energy
tail up to 9 GeV. In this model, the nontrivial structures
in the line shape at approximately 6.8 and 6.9 GeV are
due to the effect from the ψ(2S)J/ψ and ψ(3770)J/ψ
thresholds, amplified by a nearby pole.
POLE ANALYSIS
We are now in the position to study the pole structure
of the amplitudes which emerges from fitting the two-
and three-channel models described above. To this end,
we generate more than 300 parameter sets within the 1σ
contours in the parameter space for all combinations of
the fit parameters and find all poles of the amplitude
in the near-threshold region from 6.2 to 7.2 GeV. The
results are presented in Figs. 3 and 4 from which one can
draw several conclusions.
We focus first on the mass region of the pronounced
structures in the data. Here the location of the poles
is quite different for the different models: while there is
only one pole for the three-channel models, there exist
two such poles for the two-channel model. They are (in
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FIG. 2. Three-channel fits to the LHCb data [10] of the
double-J/ψ invariant mass distribution. Fit 1 with χ2/dof =
0.97 and Fit 2 with χ2/dof = 1.05 are shown as the solid and
dashed curves, respectively, together with the corresponding
1σ error bands. The dotted line is defined the same as in
Fig.1. The ψ(2S)J/ψ and ψ(3770)J/ψ thresholds are shown
as the vertical dash-dotted lines.
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FIG. 3. Poles of the T -matrix from the 2-channel fit.
units of MeV; the same for the following results)
E2ch1 = 6542
+33
−36 − i 282+59−52 (RS2),
(7)
E2ch2 = 6818
+28
−32 − i 142+14−10 (RS3),
for the two-channel model, where RS1, RS2 and RS3
quoted in parentheses refer to the first, second and third
Riemann sheets. There is a single pole on RS2 for the
3-channel fits, which, however, is far from the physical
region with a badly located pole position, see Fig. 4.
Meanwhile, both models predict a pole very near the
J/ψJ/ψ threshold. The two-channel fit allows for a
bound-state, a virtual-state or a resonance pole,
E2ch0 = 6203
+ 6
−27 − i 12+ 1−12 (RS2) or [6179, 6194] (RS1) .
(8)
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FIG. 4. Poles of the T -matrix from the 3-channel fits.
The two best three-channel fits give
E3ch0 [Fit 1] = 6163
+18
−32 (RS1),
(9)
E3ch0 [Fit 2] = 6189
+ 5
−10 (RS2) or [6159, 6194] (RS1).
Thus, the pole for Fit 1 represents a bound state, while
for Fit 2 it can be either a shallow bound or virtual state.
Obviously, further modifications of the model to ex-
tend the coupled-channel set or to include higher-order
terms in the potential cannot destroy this pole simply
because such modifications would only affect the high-
energy tail of the distribution, far away from the J/ψJ/ψ
near-threshold region. We conclude, therefore, that the
existence of a pole near the J/ψJ/ψ threshold is a robust
consequence of the coupled-channel dynamics within the
suggested approach. For definiteness, we name this state
X(6200). The quantum numbers of this state are either
0++ or 2++, as required to have an S-wave threshold
composed by two identical vector bosons.
FURTHER PREDICTIONS AND TESTS
As one can see from Figs. 1 and 2, although the models
used to analyse the data in the J/ψJ/ψ channel are based
on a different dynamical content, they can provide a de-
scription of the data of a comparable quality. However,
further predictions of these models differ substantially,
allowing for a direct experimental discrimination (or fal-
sification of the whole approach). As one of such tests
we propose measurements of the line shapes in the other
double-charmonium channels. As a representative exam-
ple, in Fig. 5 we show the predictions of the two models
employed in this work for the invariant mass spectrum
in the ψ(2S)J/ψ final state. Indeed, the models provide
quite different spectra above the ψ(3770)J/ψ threshold,
so that experimental data for this channel as well as for
the ψ(3770)J/ψ should help to better understand the
physical origin of the structures reported by LHCb.
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FIG. 5. Predictions for the invariant mass spectrum in the
ψ(2S)J/ψ final state.
Also, a direct experimental confirmation or refutation
of the existence of the X(6200) state is very important for
a better understanding of the double-charmonium spec-
trum. In particular, a clear signal from this state could be
seen in the final states J/ψµ+µ− and µ+µ+µ−µ− which
can be studied at energies below the nominal J/ψJ/ψ
threshold.
To better understand the nature of the X(6200), we
estimate its compositeness, X¯A following Ref. [39]. To
this end, we employ the effective range expansion of the
scattering amplitude in the J/ψJ/ψ channel,
T (k) = −8pi√s
[
1
a
+
1
2
rk2 − i k +O(k4)
]−1
, (10)
to extract the scattering length a and the effective range
r, and then use
X¯A = (1 + 2|r/a|)−1/2 . (11)
The results presented in Table I imply that while the two-
channel model supports the X(6200) as a compact state,
the three-channel approach is compatible with its molec-
ular interpretation. If the latter is true, same mechanisms
which drive the X(6200) can provide sufficient binding
also in other double-charmonium channels, so that many
more double-charmonium molecular states can exist near
relevant thresholds.
CONCLUSION
In this Letter, we have demonstrated that the recent
LHCb data on the invariant mass spectrum in the pp→
J/ψJ/ψ reaction are consistent with a coupled-channel
description. The best fits of the model to the data implies
the existence of a state near the J/ψJ/ψ threshold which
we called the X(6200). This state can have the quantum
numbers of a scalar or a tensor. Further experimental
TABLE I. The effective range parameters in the J/ψJ/ψ
channel and the compositeness X¯A of the X(6200). Please
note that in some cases the uncertainty in the pole position
of the X(6200) does not allow one to extract the sign of the
scattering length which by convention is negative (positive) if
the X(6200) is a bound (virtual) state.
2-ch. fit 3-ch. fit 1 3-ch. fit 2
a(fm) ≤ −0.49 or≥ 0.48 −0.61+0.29−0.32 ≤ −0.60 or≥ 0.99
r(fm) −2.18+0.66−0.81 −0.06+0.03−0.04 −0.09+0.08−0.05
X¯A 0.39
+0.58
−0.12 0.91
+0.04
−0.07 0.95
+0.04
−0.06
tests are outlined to test the hypothesis of the existence
of this state and to shed light on its nature. If confirmed,
this discovery may start a new era in the spectroscopy of
double-charmonium and double-bottomonium states.
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Appendix: Values of the T -matrix parameters
Here we give the values of the T -matrix parameters
and their correlation matrices from the fits discussed in
the main text.
For the two-channel fit, the parameter values are
a1 = 0.2
+0.6
−0.5, a2 = −4.2± 0.7, c = 2.94+0.36−0.29,
b1 =− 1.8+0.4−0.5 GeV−2, b2 = −7.1± 0.4 GeV−2. (12)
The correlation matrix is given by
1 0.33 0.25 −0.82 0.24
0.33 1 −0.04 −0.45 0.97
0.25 −0.04 1 −0.50 −0.21
−0.82 −0.45 −0.50 1 −0.35
0.24 0.97 −0.21 −0.35 1
 . (13)
For the three-channel Fit 1, the parameter values are
a11 = 6.0
+2.2
−1.6, a12 = 10.3
+3.4
−2.8, a13 = −0.2+1.9−1.3,
a22 = 13
+5
−4, a23 = −120+110− 60 , a33 = −2.3+1.5−1.1. (14)
6The correlation matrix is given by
1 0.94 0.57 0.82 0.56 −0.38
0.94 1 0.74 0.93 0.70 −0.52
0.57 0.74 1 0.92 0.98 −0.93
0.82 0.93 0.92 1 0.90 −0.78
0.56 0.70 0.98 0.90 1 −0.94
−0.38 −0.52 −0.93 −0.78 −0.94 1

. (15)
For the three-channel Fit 2, the parameter values are
a11 = 7.8
+3.4
−2.0, a12 = 16± 4, a13 = 0.9+2.3−2.5,
a22 = 26
+12
− 6 , a23 = −120+190−210, a33 = −2.5+2.1−1.0. (16)
The correlation matrix is given by
1 0.80 0.08 0.64 0.01 0.09
0.80 1 0.03 0.96 −0.07 0.24
0.08 0.03 1 0.14 0.98 −0.91
0.64 0.96 0.14 1 0.04 0.15
0.01 −0.07 0.98 0.04 1 −0.92
0.09 0.24 −0.91 0.15 −0.92 1

. (17)
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